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Edited by Stuart FergusonAbstract This paper identiﬁes the ﬁrst arginine/ornithine anti-
porter ArcD from the domain of archea. The functional role of
ArcD is demonstrated by transport assays with radioactive la-
belled arginine, by its necessity to enable arginine fermentation
under anaerobic growth conditions and by the consumption of
arginine from the medium during growth. All three experimen-
tally observables are severely disturbed when the deletion strain
DArcD is used. The isolated protein is veriﬁed by mass spectrom-
etry and reconstituted in vesicles. The proteoliposomes are at-
tached to a membrane and capacitive currents are recorded
which appear upon initiation of the transport process by change
from arginine-free to arginine-containing buﬀer. This clearly
demonstrates that the puriﬁed 34 kD protein is the functional
unit.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Membrane transport1. Introduction
The archaeon Halobacterium salinarum lives in extreme hab-
itats characterized by high salinity, intense illumination and
limited oxygen. Thus archaea are generally equipped with sub-
tle biochemical strategies to survive under these conditions. In
addition to respiration and photosynthesis, Halobacterium is
capable of arginine fermentation by the arginine deiminase
(ADI) pathway. This pathway includes the hydrolysis of argi-
nine to citrulline by ADI, the phosphorylation of citrulline by
catabolic ornithine transcarbamoylase to produce ornithine
and carbamoylphosphate, and ﬁnally the transfer of the phos-
phate group to ADP by carbamate kinase resulting in carba-
mate which is further degraded into ammonium and
carbonate. Thus the fermentation of arginine via this pathway
leads to the equimolar production of ATP and ornithine with-
in the cell. The genes for the enzymes of the ADI pathway have
been identiﬁed and described earlier together with a short reg-
ulatory gene product (arcR) and were found to be clustered inAbbreviations: DDM, dodecylmaltoside;MALDI-TOF,matrix assisted
laser desorption ionisation-time of ﬂight; ESI-MS/MS, electro spray
ionization tandem mass spectrometry; TOM, strain of Halobacterium
salinarum with two opsins missing; Nha, sodium hydrogen antiporter;
SDS–PAGE, sodium dodecysulfate polyacrylamide gel electrophoresis;
DIG, digoxygenine
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doi:10.1016/j.febslet.2008.10.004the arcRACB gene cluster [1]. The ADI pathway is found in
several groups within the domain bacteria such as Pseudomo-
nas, Mycoplasma, Bacillus and lactic bacteria [2]. In Pseudo-
monas aeruginosa an additional gene arcD was identiﬁed
which codes for an arginine/ornithine antiporter [3]. A se-
quence homologue of ArcD in H. salinarum has not been
found so far. However, a functional equivalent was shown
when the cytoplasmic sensor, Car, responsible for arginine che-
motaxis was identiﬁed [4]. This arginine/ornithine antiporter
was characterized in cell membrane vesicles of H. salinarum
and showed a stoichiometry of 1:1, a Michaelis constant of
arginine transport of roughly 1 lM and a maximal velocity
of around 7 nmol/min per mg protein. The arginine uptake
was stimulated ca. sixfold when cell vesicles were loaded with
ornithine. In addition an inverse action of the antiporter was
shown by experimentally inverted gradients of high arginine
concentrations within and high ornithine concentrations out-
side the cell vesicles [4].
In a systems biology approach the gene products of arcB and
arcC were shown to be down regulated when growing cells
were switched from aerobic to anaerobic phototrophic growth
conditions [5].
In two independent genome projects an open reading frame
adjacent to the arcRACB cluster was identiﬁed and originally
annotated by the open reading frame prediction programs
GLIMMER and ORPHEUS as sodium/proton exchanger of
sodium hydrogen antiporter class NhaC [6]. The experiments
presented here require an annotation as an arginine/ornithine
antiporter [7] as they unequivocally show that this open read-
ing frame codes for the arginine/ornithine antiporter. It is the
ﬁrst identiﬁed arginine/ornithine antiporter from the kingdom
of archaea and shows no striking sequence homology with
known antiporters form prokaryotes despite its membership
of the family of 12 transmembrane helix proteins. Therefore,
a new principle of function can be expected.2. Materials and methods
If not otherwise noted chemicals were supplied from Sigma.
2.1. Strains and plasmids
H. salinarum strain TOM (two opsins missing, bacterioopsin and
haloopsin genes deleted) [8].
Plasmid pMKK100 was used for construction of deletion strain
TOMDarcD [9].
The genotype of the deletion strain was veriﬁed by Southern blot
analysis using digoxygenine (DIG)-labeled speciﬁc DNA probes pro-
duced by PCR ampliﬁcation of the genomic DNA sequences.blished by Elsevier B.V. All rights reserved.
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salinarum the corresponding gene was cloned with the restriction sites
Nde1 and BamHI into the pBPH-M vector [10] containing the bop
promoter at the 5 0 end of the gene and a 6x His tag before the stop co-
don. This expression vector was transformed into H. salinarum using
the polyethylene glycol-mediated procedure described earlier [11].
2.2. Puriﬁcation of His-tagged arginine/ornithine antiporter
Halobacterial cells were grown to an OD600 of 1.4, harvested and
resuspended in basal salt with added DNase I and dialyzed against dis-
tilled water overnight to lyse the cells. After a short centrifugation to
remove cell debris, membranes were pelleted by ultracentrifugation
(100000 · g, 2 h) and washed twice with 0.1 M NaCl, 50 mM Tris
pH 7.5. To remove loosely bound proteins, the membranes were stirred
for 20 min in 1% Tween 20, 0.1 M NaCl, 50 mM Tris pH 7.5 and
washed again. This Tween washed membrane fraction was solubilized
in 1 ml 1 M NaCl, 50 mM Tris pH 7.5 and 1% dodecylmaltoside
(DDM, Calbiochem) per 5 mg membrane protein for 12 h in a stirred
cuvette at room temperature. Protein concentration was determined by
BCA assay (Pierce). Non-solubilized material was removed by centri-
fugation (150000 · g, 20 min). The solubilized membrane proteins
were dialyzed for 2 h against 1 M NaCl, 500 mM urea, 25 mM imidaz-
ole, 0.1% DDM and 50 mM Tris pH 7.5 and applied to a 1 ml Ni-NTA
column (GE Healthcare). After a wash of roughly six column volumes
with the dialyzing buﬀer the bound proteins were eluted by increasing
the imidazol concentration stepwise to 50 mM and 250 mM, respec-
tively. Urea was removed by dialysis before using the protein for
reconstitution experiments.
2.3. Reconstitution
Ten milligrams of complete lipid extract from H. salinarum was dis-
solved in chloroform. The solvent was removed in a round bottom
ﬂask with a rotary evaporator. The lipid ﬁlm was resuspended in
2 ml buﬀer containing 1 M NaCl, 50 mM Tris pH 7.5 and subjected
to ﬁve freeze and thaw cycles and extruded eleven times through a
400 nm ﬁlter (Avestin). The protein was added in a ratio of pro-
tein:lipid = 1:20. For removal of the detergent, the protein liposome
suspension was stirred overnight with Biobeads (Biolabs) at room tem-
perature.
2.4. Preparation of cell vesicles and arginine uptake experiments
H. salinarum strain TOM and deletion strain TOMDArcD were
grown to a density at 600 nm of 0.9–1.0 and pelleted for 20 min at
6000 g. The cells were then resuspended in basal salt (halobacterial
complete medium without peptone, buﬀered with 20 mM HEPES pH
7.0). The suspension was frozen in liquid nitrogen, thawed to room
temperature and stirred for 3 h with addition of DNaseI to a ﬁnal con-
centration of 0.01 mg/ml. After low speed centrifugation (6000 g for
20 min at 4 C) membrane vesicles were pelleted (150000 · g, 1 h,
4 C) and resuspended in basal salt to a ﬁnal protein concentration
of 3 mg/ml.
For arginine uptake experiments, membrane vesicles were preloaded
with 1 mM ornithine in basal salt. Arginine uptake was initiated by
adding 12.5 lM arginine containing 0.5 lCi 3H arginine.
At the times indicated, samples were rapidly diluted with 1 ml basal
salt, ﬁltered (cellulose nitrate membranes, 0.45 mm pore size 2.5 cm
diameter, Schleicher & Schuell) and washed twice with 1 ml basal salt.
The radioactivity retained on the ﬁlters was determined by liquid scin-
tillation spectroscopy. All transport studies were performed at 4 C.
L-[2,3,4,5-3H] arginine was purchased from Amersham Biosciences,
UK.
2.5. Blue Native/SDS gel two-dimensional electrophoresis
Blue Native (BN) gel electrophoresis was performed according to
[12,13] with minor modiﬁcations. In short, membranes were solubilized
in 1% dodecyl maltoside (Calbiochem), 750 mM e-amino caproic acid,
0.5 mM EDTA, 50 mM Bis(2-hydroxyethyl)amino-tris(hydroxy-
methyl)methan pH 7.0 for 16 h at 4 C at a concentration of 3.2 mg
membrane protein per ml solubilisation buﬀer. Insoluble material
was removed by centrifugation at 100000 · g for 10 min. After addi-
tion of 40 ll 5% Coomassie brilliant blue in 750 mM caproic acid
the solubilized proteins were applied to a 6–12% polyacrylamidgel
for separation in the ﬁrst dimension with a typical load of 200 lg pro-
tein per lane. 0.1 M of each of the amino acids glycine, serine andasparagine were added to the polyacrylamide solution [14]. The BN-
Gel was cutted in lanes and stored at 20 C. Subsequently single fro-
zen lanes were ﬁrst incubated in 65 mM dithiothreitol, 2% sodium
dodecylsulfate (SDS), 50 mM Tris pH 8.8) for 15 min at room temper-
ature followed by incubation in alkylation solution (260 mM iodoacet-
amide, 2% SDS, 50 mM Tris pH 8.8 for another 15 min).
Electrophoresis in the second dimension was carried out by conven-
tional sodium dodecysulfate polyacrylamide gel electrophoresis
(SDS–PAGE). Proteins were visualized by silver staining and protein
identiﬁcation by MALDI-MS was performed as described [15].2.6. Amino acid analysis
For determination of the amino acid content, cells were grown in
synthetic medium with deﬁned composition [16]. Cells of H. salinarum
R1 and of the deletion strain DarcD were harvested at stationary phase
(OD600 = 1.5) and the pellet was resuspended in basal salt. Arginine or
ornithine (0.5%) was added to the concentrated cell suspension
(OD600 = 4.5) and samples of 35 ml were incubated at 37 C, aerobi-
cally in the dark. At given times 0.5 ml samples were taken and cells
removed by centrifugation. Aliquots of the supernatant were frozen
and ﬁnally analyzed for arginine or ornithine on an amino acid ana-
lyzer (Biotronik LC3000).
2.7. Electrical measurements
The activity of the His-tagged arg/orn antiporter was measured
using the SurfE2R (Surface Electrogenic Event Reader) platform
developed by Iongate Biosciences, Frankfurt, Germany. The ArcD
containing proteoliposomes were adsorbed to a solid supported mem-
brane which consisted of an alkanethiol monolayer on a gold surface
combined with an additional layer of phospholipids on top (Iongate
Biosciences).
The solid supported membrane was mounted in a Plexiglass cuvette
with a volume of 20 ll and acted as the working electrode. Sensor chips
were regarded as well suited when measurement of the electrical capac-
itance and conductivity yielded typical values of around 0.3 lFcm2
and 15 nScm2, respectively. Capacitive currents due to the electro-
genic action of the arginine/ornithine antiporter were then recorded
and processed with the software provided by the vendor. The proce-
dure for measuring amino acid induced currents consisted of three
steps: (i) washing the cuvette with non-activating solution for 1 s, (ii)
injection of the activating solution for 1 s, and (iii) replacing of the
activating solution by the non-activating one.3. Results
Two complementary approaches are used for functional
characterization in the present study: a genetic approach by
generation of a deletion strain and subsequent evaluation of
the properties which are lacking in the deletion strain in com-
parison with the wild-type. In a more biochemical approach
the recombinant protein with a His tag is homologously ex-
pressed, puriﬁed and reconstituted into liposomes for func-
tional studies.
A clear identiﬁcation of the function is possible from argi-
nine uptake experiment in cell vesicles of strain TOM and
TOMDarcD. Initiating the transport activity of the arginine/
ornithine antiporter by addition of arginine leads to accumula-
tion of arginine within the cell which reaches saturation after
60 s. An enhanced arginine uptake by a factor of roughly seven
is observed when the vesicles are preloaded with ornithine. In
contrast, only residual uptake of arginine is measured in the
strain TOMDarcD independent of whether ornithine is pre-
loaded or not. The result of this arginine uptake experiment
is shown in Fig. 1A. In addition the complemented deletion
strain with His-tagged arginine/ornithine antiporter shows
only 10% of activity of the strain TOM but is a factor of 5
higher than the uncomplemented deletion strain ( Fig. 1B).














































Fig. 1. Uptake of 3H labeled arginine into cell envelope vesicles of H.
salinarum. Vesicles with a protein concentration of 300 lg/ml were
suspended in basal salt. Temperature was kept constant at 4 C. The
experiment is initiated by addition of 12.5 lM arginine containing
0.5 lCi 3H labeled arginine to the buﬀer. The amount of uptaken
arginine in a 400 ll vesicle suspension is determined at diﬀerent times
thereafter. (A) From top to bottom: Vesicles preincubated with 1 mM
ornithine (dots), no ornithine (squares) and deletion strain DarcD
(triangles). (B) Complementation of deletion strain DarcD (triangles)
with His-tagged ArcD (crosses). Experimental conditions as in (A).
Fig. 2. Identiﬁcation and quantiﬁcation of ArcD. Two-dimensional
gel electrophoresis of the membrane fractions of H. salinarum strain
TOM (A), the deletion strain DarcD complemented with His-tagged
ArcD (B) and deletion strain DarcD (C). The corresponding areas of
the three diﬀerent gels are shown. Proteins were visualized by silver
staining, the spots of interest are indicated by the arrows.
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strain depends on their respective expression levels of the pro-
tein a separation of total membrane proteins of the two strains
by 2D gel electrophoresis was performed and is shown in
Fig. 2. The identiﬁcation of the arginine/ornithine antiporter
is given (i) by the comparison of strain TOM (Fig. 2A) with
the deletion strain (Fig. 2C) and (ii) by mass spectrometric
analysis (see below). In the complemented strain the intensity
of the corresponding spot is roughly a factor of 5 lower than
in wild-type. The low dynamic range of the applied silver stain
does not allow a more accurate determination of the exact
expression level of the arginine/ornithine antiporter but never-
theless it is clear that the expression level is lower in the com-
plemented strain and the factor of 5 seems to be a fair
estimation. Thus the lower transport activity of the comple-
mented strain in comparison with the strain TOM is at least
in part explained by the lower expression level.
Fig. 3A shows growth curves of strains TOM and TOM-
DarcD under aerobic and anaerobic growth conditions with
or without 1% arginine in the growth medium. Both strainsgrow to the same stationary level of roughly 90 Klett units un-
der aerobic conditions. Addition of arginine has no eﬀect on the
growth curves (curves 1–4). Only under anaerobic conditions
does the diﬀerence between the wild-type and deletion strain be-
come evident. The growth curve of the deletion strain saturates
at roughly 50 Klett units, whereas the wild-type strain grows to
100 Klett units as with aerobic conditions. This indicates that
uptake of arginine via the arginine/ornithine antiporter is re-
quired to enable anaerobic growth to a wild-type level.
In another set of experiments the concentration of the amino
acids arginine and ornithine is traced. For this purpose halo-
bacterial cells are kept under aerobic conditions in the station-
ary growing phase in basal salt medium with added 0.5%
arginine or ornithine. In this case the decreasing concentration
of the amino acid in the medium reﬂects the uptake and con-
sumption of this amino acid by the living cell. This is shown
in Fig. 3B. In the wild-type arginine is depleted from the med-
ium by active uptake with a time constant of roughly 2 h. In
contrast, the deletion shows limited arginine uptake and even
after 24 h only 10% of the arginine has been taken up by the
cells. This experiment further veriﬁes that ArcD is the main
arginine uptake system in halobacterial cells.
Moreover, ArcD can operate in its reverse direction if excess
ornithine is supplied at the outside as seen by ornithine uptake
which is used for resynthesizing arginine if the supply of the
latter is depleted. Again the uptake of ornithine is signiﬁcantly




















   
























Fig. 3. Growth experiments. (A) Growth curves of H. salinarum strain
TOM (ﬁlled symbols) and the deletion strain DarcD (open symbols)
under three diﬀerent growth conditions: aerob (diamonds), aerob plus
addition of 1% arginine in the growth medium (circles) and anaerob
plus 1% arginine added (triangles). (B) Decrease of arginine in basal
salt containing cells of H. salinarum strain TOM (squares) or deletion
strain DarcD (crosses) after diﬀerent times of incubation.
Fig. 4. Analysis of the puriﬁed ArcD. (A) Mass spectroscopic analysis
of ArcD. The isolated protein band was typically digested and
analysed with MALDI-TOF. Six peptides in the mass range from 750
to 4000 were identiﬁed as indicated with roman numbers and speciﬁed
in the inset top right. (B) Secondary structure prediction of ArcD.
Eleven transmembrane helices are predicted (right panel) for ArcD and
are shown together with their interconnecting loops as well as the
amino terminal and carboxy terminal extension (left panel). The
sequences of the six identiﬁed peptides are indicated by bold letters.
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Fig. 5. Activity test of ArcD proteoliposomes on a solid support
surface. Current recordings over time during buﬀer (1 M NaCl, 50 mM
Tris pH 7.5) change from activating to non-activating solutions. The
amino acids under investigation were (from top to bottom): arginine,
lysine, ornithine, citrulline in concentrations of 10 mM each, whereas
10 mM citrulline was in the inactivating buﬀer throughout.
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membrane fraction by a one step Ni-chelate chromatography
and subsequently analyzed by standard SDS–PAGE and Wes-
tern blotting (data not shown).
After tryptic digest of the protein band at 34 kDa, six diﬀer-
ent peptides with molecular masses in the range of 750–
4000 Da were separated and analyzed by matrix assisted laser
desorption ionisation-time of ﬂight (MALDI-TOF) mass spec-
troscopy. The spectrum of the obtained peptides is shown in
Fig. 4A, their respective masses are indicated in the inset.
Subsequently the peptides were ionized and fragmented by
ESI-MS/MS technique to obtain the sequence of the separated
peptides. A secondary structure prediction of ArcD indicates
that 11 transmembrane helices are likely to be present as
shown in Fig. 4B. As the amino terminus is predicted to be
on the outside, the carboxy terminus can be deduced to be
cytoplasmic from the odd number of helices. However, this
needs to be shown experimentally. The peptides found in mass
spectrometry analysis are printed in bold. It is important to
note that even peptides which are predicted to be in transmem-
brane domains and are therefore expected to be highly hydro-
phobic can be ionized and fragmented. This is found for
peptides IV and VI. Altogether this analysis conﬁrms the iden-
tity of this protein with the gene product predicted from
OE5204R (www.halolex.de).
To test the activity of the isolated protein it is reconstituted
into liposomes prepared from halobacterial lipids. These pro-teoliposomes are attached to a lipid functionalized solid sur-
face. The electrochemical characteristics of the lipid layer are
determined by the measurement of the capacity and conductiv-
ity. Fig. 5 shows the time dependence of capacitive currents re-
corded from arginine/ornithine antiporter reconstituted into
liposomes upon change of non-activating solutions (1 M NaCl,
10 mM citrulline) to activating solution (1 M NaCl, 10 mM of
amino acid under test) and back. The presence of arginine in
F. Wimmer et al. / FEBS Letters 582 (2008) 3771–3775 3775the activating solution leads to a ﬁve times higher capacitive
peak-current (Fig. 5, uppermost trace) as compared to lysine,
citrulline or ornithine (Fig. 5, following traces from top to bot-
tom) in a concentration of 10 mM each. This result conﬁrms
the speciﬁcity of ArcD for arginine and more importantly dem-
onstrates that the isolated protein with the apparent molecular
mass of 34 kDa is the functional unit.4. Discussion
To summarize, the transport measurements have shown that
ArcD enables arginine uptake into the cell what is enhanced by
the presence of ornithine. Furthermore it was shown that
ArcD is the main uptake system for arginine and its action is
pivotal for the cell to switch to arginine fermentation for
ATP production under anerobic growth conditions. However,
we found residual uptake of arginine in the deletion strain as
well. This residual uptake can be ascribed to the activity of
other arginine uptake system(s) which exist in the cell such
as the cationic amino acid transporter. Another explanation
would be that this radioactivity does not reﬂect uptake but
unspeciﬁc binding to the surface of cell vesicles what could
not be removed during the washing steps. Whatever the real
reason might be it does not aﬀect the main conclusion that
ArcD is in fact the arginine/ornithine antiporter in the cell
membrane of H. salinarum. All arginine uptake experiments
reproduce an earlier report [4] where an arginine/ornithine up-
take system in H. salinarum was described. We now assign
ArcD as this arginine/ornithine antiporter.
In the second part the isolation of His-tagged ArcD and its
functional reconstitution into liposomes was shown, followed
by a functional test using ther SurfE2R Technology. All exper-
imental results together clearly demonstrate that ArcD is the
functional unit for the arginine/ornithine antiport.
The ArcD protein of H. salinarum transports arginine and
ornithine. Its physiological role is to take up arginine from
the medium in exchange for ornithine, which is formed from
arginine in the cytoplasm when the cell ferments arginine for
production of ATP [17]. It is therefore not surprising that
the gene was identiﬁed in the neighborhood of the formerly de-
scribed arcRACB operon [1] which now has to be extended to
arcRACBD.
Using multiple sequence alignments with diﬀerent arginine/
ornitine antiporters from other organisms such as P. aerugin-
osa and Coryniebacterium revealed no striking sequence simi-
larities with the identiﬁed halobacterial one. Furthermore, no
more molecular insight could be gained from the comparison
with the arginine binding domains of the two arginine binding
proteins ArtJ from Geobacillus stearothermophilus [18] and the
lysine/arginine/ornithine-binding protein from Salmonella
typhimurium [19] from which the crystal structures were solved
to a resolution of 1.8 A˚, respectively. It seems that the halobac-
terial is a novel transporter and must function rather diﬀer-
ently to other arginine/ornithine antiporters previously
described. Further experimentation is needed to elucidate the
molecular events of this antiporter in detail. The current pub-
lication may serve as a base to start from.
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